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Summary
Microtubules of the mitotic spindle are believed to
provide positional cues for the assembly of the actin-
based contractile ring and the formation of the sub-
sequent cleavage furrow during cytokinesis. InCaeno-
rhabditis elegans, astral microtubules have been
thought to inhibit cortical contraction outside the
cleavage furrow. Here, we demonstrate by live imaging
and RNA interference (RNAi) that astral microtubules
play two distinct roles in initiating cleavage furrow for-
mation. In early anaphase, microtubules are required
for contractile ring assembly; in late anaphase, micro-
tubules show different cortical behavior and seem to
suppress cortical contraction at the poles, as sug-
gested in previous studies. These two distinct phases
of microtubule behavior depend on distinct regulatory
pathways, one involving the g-tubulin complex and the
other requiring aurora-A kinase. We propose that tem-
poral and spatial regulation of two distinct phases of
astral microtubule behavior is crucial in specifying
the position and timing of furrowing.
Introduction
Faithful segregation of genetic material requires tem-
porospatial coordination of chromosome segregation
with cytokinesis. In animal cells, both events are con-
trolled by microtubules, which are mainly assembled
at centrosomes to form bipolar mitotic spindles (Palazzo
et al., 2000). When mitotic spindles form to separate
chromosomes during anaphase, astral microtubules
and/or interzonal bundled microtubules of the central
spindle direct assembly of an actin-based contractile
ring and subsequent cleavage furrow formation be-
tween the separating chromosomes (Uyeda et al., 2004).
The basic structural components of cytokinesis have
been identified in several organisms (Balasubramanian
et al., 2004; Glotzer, 2005). Despite the crucial role of mi-
crotubules in the formation of the cleavage furrow, how
microtubules control the process is the subject of much
controversy. To date, two major models have arisen to
*Correspondence: sugimoto@cdb.riken.jpexplain the roles of microtubules in cytokinesis (Rappa-
port, 1997). In the ‘‘equatorial stimulation’’ model, micro-
tubules promote furrowing at the cell equator by means
of the astral microtubules and/or the central spindle. In
the ‘‘polar relaxation’’ model, astral microtubules pro-
mote furrowing at the equator by relaxing cortical ten-
sion at the cell poles (White and Borisy, 1983).
In C. elegans embryos, astral microtubules are suffi-
cient to specify and form a cleavage furrow midway
between them, because furrowing still occurs in the
absence of the central spindle (Jantsch-Plunger et al.,
2000; Raich et al., 1998). The central spindle is thought
to facilitate the correct positioning of the ingressive
furrow and completion of cytokinesis (Bringmann and
Hyman, 2005; Jantsch-Plunger et al., 2000; Raich
et al., 1998). It has been proposed that microtubules
act to inhibit cleavage furrow formation during mitosis
(Kurz et al., 2002), and that furrow formation is depen-
dent on reduced microtubule density at the division
plane (Dechant and Glotzer, 2003), leading to a third
model, the ‘‘polar inhibition’’ model, whereby local eas-
ing of microtubule-induced inhibition at the cell equator
leads to furrow formation (Glotzer, 2004). However, the
mechanism by which astral microtubules regulate as-
sembly of a contractile ring remains unclear.
By examining the distribution of plus ends of astral
microtubules at the cell cortex before and during cytoki-
nesis in liveC. elegans embryos, we found that the spec-
ification and formation of the contractile ring cannot be
accounted for by the ‘‘polar inhibition’’ model. Further-
more, our data suggest that astral microtubules play in-
ductive roles in cleavage furrow formation, in addition to
the previously proposed inhibitory roles after furrow ini-
tiation. These distinct properties of microtubules appear
to be mediated by two genetically separable mecha-
nisms in which the g-tubulin protein complex and the
aurora-A kinase are involved. We propose that tempo-
rally regulated contribution of microtubules with distinct
properties and spatially regulated distribution of the re-
sulting astral microtubules ensure precise control of the
positioning and timing of cleavage furrow formation.
Results
Monitoring of Microtubules and Contractile Ring
Assembly in C. elegans Embryos with GFP Markers
The first step of cytokinesis is the assembly of an actin-
based contractile ring, whose contraction then initiates
cleavage furrow formation. To understand the mecha-
nism by which astral microtubules specify and induce
the cleavage furrow, we first analyzed the behavior of
astral microtubules with respect to the position and tim-
ing of contractile ring assembly and cleavage furrow for-
mation in live C. elegans embryos. For live visualization
of microtubules and the contractile ring, we used green
fluorescent protein (GFP)-tagged proteins. Microtu-
bules were visualized by using GFP-tubulin (Praitis
et al., 2001) (Figure 1A). To visualize polymerizing plus
ends of microtubules, we constructed GFP-tagged
EBP-1, a homolog of growing microtubule plus end
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510Figure 1. GFP Markers for Astral Microtubules and the Contractile Ring
(A) Time-lapse images of GFP-tubulin, GFP-EB1, GFP-moe, and GFP-RHO-1 at the cortex in live embryos. Arrowheads indicate accumulation of
GFP-moe or GFP-RHO-1 at the equatorial cortex. Arrows indicate cleavage furrow formation. Times (s) are with respect to the onset of posterior
movement of mitotic spindles at metaphase. In all panels, anterior is oriented toward the left. The scale bar is 10 mm.
(B) Contractile ring assembly is dependent on microtubules and RHO-1. (Top) Accumulation of GFP-moe at the equator was dependent on fil-
amentous actin, RHO-1, and microtubules. No GFP-moe signal was observed in latrunculin-A (Lat-A)-treated embryos or rho-1(RNAi) embryos.
The cortical ring was disrupted in the tba-2(RNAi) embryos. (Bottom) Accumulation of GFP-RHO-1 at the equator requires LET-21/RhoGEF and
microtubules. In tba-2(RNAi) embryos, both GFP-moe and GFP-RHO-1 were dispersed over the cortex. Arrowheads indicate accumulation of
GFP-moe or GFP-RHO-1 at the equatorial cortex. The scale bar is 10 mm.binding protein EB1 (Morrison et al., 1998; Figure 1A).
GFP-EB1 localized at the distal tips of microtubules and
moved from centrosomes toward the cortex (data not
shown), similar to the behavior of GFP-tagged EBP-2,
another EB1 homolog in C. elegans (Srayko et al., 2005).
To detect the contractile ring, we made strains ex-
pressing the filamentous actin binding domain of Dro-
sophila moesin tagged with GFP (Edwards et al., 1997)
(GFP-moe, Figure 1A). The contractile ring visualized
by GFP-moe was first detected as a broad band at the
division plane 20 s before the cleavage furrow appeared
in early anaphase (Figure 1A, 60 s after initiation of pos-
terior movement of the spindle). Colocalization of GFP-
moe with the filamentous actin structure was confirmed
by staining with rhodamine-phalloidin (data not shown)
and by its loss upon treatment with latrunculin-A, a po-
tent inhibitor of actin polymerization (Figure 1B). We
also visualized RhoA GTPase (RHO-1) (Figure 1A), whichplays a crucial role in contractile ring assembly in other
organisms (Balasubramanian et al., 2004), by using a
GFP fusion protein (GFP-RHO-1). Before and during fur-
rowing, small dots and filamentous structures of GFP-
RHO-1 accumulated predominantly at the cortex of the
division plane, in the same region in which GFP-moe
was detected (Figure 1A). In rho-1(RNAi) embryos, nei-
ther a cleavage furrow nor a contractile ring visualized
by GFP-moe was detected (Figure 1B), suggesting
that RHO-1 is required for contractile ring assembly in
C. elegans. Inactivation of LET-21 (alternatively called
ECT-2; Morita et al., 2005), the putative guanine nucleo-
tide exchange factor for RhoA (RhoGEF), prevented
GFP-RHO-1 accumulation at the division plane (Fig-
ure 1B), suggesting that RHO-1 accumulation is depen-
dent on Rho activity. RHO-1 accumulation and the con-
tractile ring assembly were dependent on microtubules,
because neither GFP-moe nor GFP-RHO-1 formed
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511Figure 2. Behaviors and Distribution of Astral Microtubules at the Cell Cortex of Wild-Type Embryos
(A) Behaviors of plus ends of astral microtubules at the cell cortex. Magnified view of the time-lapse image series of GFP-tubulin (left) and GFP-
EB1 (right) shown in Figure 1. The green box in the schematic embryo indicates the region at the cortex that was magnified. Images of GFP-
tubulin and GFP-EB1 were acquired with 0.5 s and 1 s exposure times, respectively. CR, contractile ring. Times (s) are with respect to the onset
of posterior movement of the spindle. The scale bar is 5 mm.
(B) Time-line quantification of the number and length of GFP-EB1 comets at the cortex. Images were acquired with 1 s or 0.2 s exposure times. All
GFP-EB1 comets per embryos in a single cortical focal plane were scored. The data are the means of results from ten independent embryos.
Times (s) are with respect to the onset of posterior movement of the spindle.
(C) Temporal change of density of microtubule ends at the cortex during mitosis. (Top) Kymographs showing the location of microtubules over
time were created from the time-lapse images of GFP-tubulin in Figure 1A for the regions shown outlined in green in the schematic embryo. A
representative kymograph set from four independent recordings is shown. Similar results were obtained from the other recordings. Blue line:
onset of ingression at the cortical plane. (Bottom) Time points of events before and during cytokinesis. Filled circles: distance between spindle
poles as measured by GFP-tubulin. Contractile ring formation was determined by using GFP-moe signals; each black diamond represents the
time point of contractile ring assembly in a single embryo.
(D) Cortical distribution of GFP-EB1 along the anterior-posterior axis during contractile ring assembly (left) and at the onset of furrowing (right).
The cortical area was divided into six regions, as shown by the green lines in the schematic embryo, and the density of GFP-EB1 comets in each
area is shown. DP, division plane. The data are the means6 SD of ten independent experiments. Times (s) are with respect to the onset of pos-
terior movement of the spindle.a ring structure in tubulin-deficient tba-2(RNAi) embryos
in which virtually all microtubules were disrupted (Sonne-
ville and Gonczy, 2004) (Figure 1B). These new GFP
markers for the contractile ring enabled us to distinguish
the timing of contractile ring assembly and the initiation
of furrowing in live embryos. In the following analysis,
we focused mainly on the role of astral microtubules in
the earliest detectable step of cytokinesis—induction of
contractile ring assembly.Distinct Astral Microtubule Behavior before and after
Contractile Ring Assembly
Because microtubules are essential for contractile ring
assembly, we first examined the behavior of microtu-
bules at the cell cortex before and during cytokinesis
by observing microtubules visualized with GFP-tubulin
(Figure 2A). In early anaphase (before and during con-
tractile ring formation), GFP-tubulin-labeled microtubule
tips at the cortex appeared predominantly as dots or
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cal focal plane (Figure 2A, 30 s and 60 s; Movie S1, see the
Supplemental Data available with this article online).
After initiation of furrowing, the GFP-tubulin signals in
the cortical focal plane appeared mostly as filaments
that persisted longer than those in early anaphase (Fig-
ure 2A, 96 s and 138 s; Movie S1).
To quantify the distinct microtubule behaviors during
mitosis, we observed the growing plus ends of microtu-
bules at the cortex by using GFP-EB1. When GFP-EB1
images were taken with a short exposure time (0.2 s),
comet lengths were unchanged throughout mitosis (Fig-
ure 2B), indicating that the loading of GFP-EB1 onto plus
ends and the growing rate of microtubules were con-
stant. However, imaging of GFP-EB1 with a longer expo-
sure time (1.0 s) revealed a difference in the duration of
plus end growth (Figures 2A and 2B). During early ana-
phase, the majority of GFP-EB1 signals were seen as
short comets of <0.5 mm (mean length of 0.4 mm at 60
s) (Figures 2A and 2B; Movie S2), whereas the comets
after the onset of furrowing significantly lengthened ap-
proximately 3-fold (mean length of 1.2 mm at 120 s). In
contrast, the number of GFP-EB1 comets only margin-
ally increased after furrow initiation (Figures 2A and
2B; Movie S2). Thus, observations of whole microtu-
bules and their polymerizing plus ends at the cortex
indicate that before contractile ring formation, astral mi-
crotubules tend to be shorter and more dynamic,
whereas after the onset of cleavage furrow ingression,
they grow longer and are more stable.
Microtubule Density Is Highest at the Region
of Contractile Ring Assembly
Previous studies proposed that cytokinesis might be
triggered by a local minimum microtubule density at
the division plane in C. elegans (Dechant and Glotzer,
2003; Glotzer, 2004). In those studies, initiation of cyto-
kinesis was defined by detectable furrow ingression,
and microtubule distribution was measured in fixed em-
bryos. Because the GFP markers enable us to detect
contractile ring formation prior to initiation of furrow
ingression, we reexamined the distribution of micro-
tubules at the cortex with respect to these processes
in live embryos (Figures 2C and 2D). Kymographs of
GFP-tubulin at the equator and polar cortex revealed
that, at the time of contractile ring assembly, the density
of microtubules in the equatorial cortex was at its peak
(60 s in Figure 2C). After initiation of furrowing at late
anaphase, centrosome separation toward the poles re-
sulted in an increase of microtubule density in the polar
cortex (Figure 2C). Quantitative analysis of the cortical
distribution of GFP-EB1 along the anterior-posterior
axis also indicated a temporal change in the density of
growing plus ends of microtubules (Figure 2D). When
the contractile ring was assembled, the relative density
of polymerizing microtubule plus ends was highest at
the presumptive cleavage plane coinciding with the con-
tractile ring region (Figure 2D, 60 s). The relative density
of GFP-EB1 at the cleavage plane decreased just before
furrow initiation (Figure 2D, 80 s). These time-lapse anal-
yses demonstrate that the relative microtubule density
is highest at the division plane at the time of contractile
ring assembly, thus indicating that the previously pro-
posed ‘‘local minimum density’’ model cannot accountfor the induction of a contractile ring. This finding led
us to examine a potential stimulatory role of astral mi-
crotubules in contractile ring assembly.
Astral Microtubules in Early Anaphase Promote
Contractile Ring Assembly
Embryos defective in reducing the microtubule density
to a local minimum at the spindle equator fail to initiate
cytokinesis (Dechant and Glotzer, 2003). This cytokine-
sis defect has been attributed to a persistent high den-
sity of microtubules at the equator, which has an overall
negative effect on furrowing. However, if microtubules in
early anaphase act to stimulate contractile ring assem-
bly, as implied from our microtubule density analysis,
then the contractile ring should assemble at the pre-
sumptive furrow position in embryos that are unable to
reduce the microtubule density at the equator. To test
this hypothesis, we reexamined the furrow-defective
embryos par-3(RNAi);air-2(RNAi) and par-2(RNAi);
zen-4(RNAi), which were analyzed in the previous study
(Dechant and Glotzer, 2003), for their ability to assemble
a contractile ring. AIR-2 (aurora-B kinase) and ZEN-4
(mitotic kinesin) are involved in central spindle assembly
(Severson et al., 2000), and PAR-3 and PAR-2 affect
spindle elongation in the absence of the central spindle
(Dechant and Glotzer, 2003). Thus, these double RNAi
embryos fail to exhibit a localized reduction in microtu-
bule density at the equator (Dechant and Glotzer,
2003) (Figure 3A).
Consistent with our hypothesis, GFP-moe (in 15/15
embryos) and GFP-RHO-1 (in 12/12 embryos) assem-
bled as a ring at the spindle equator in par-3(RNAi);
air-2(RNAi) embryos (Figures 3B and 3C) and in par-
2(RNAi);zen-4(RNAi) embryos (data not shown) during
early anaphase. These results indicate that the reduc-
tion in microtubule density is dispensable for the spe-
cification and formation of the contractile ring in early
anaphase. The GFP-moe ring persisted forw10 s, then
disappeared, suggesting an inhibitory effect of the per-
sistent high density of microtubules on the contractile
ring at later stages (Figure 3B). On the other hand, the
medial ring of GFP-RHO-1 persisted (Figure 3C). These
results suggest that while microtubules in late anaphase
act to inhibit cortical contraction, as suggested by pre-
vious studies, in early anaphase, when the microtubule
density is highest at the spindle equator, microtubules
promote RHO-1 accumulation and subsequent contrac-
tile ring formation.
Two Pathways for Astral Microtubule Assembly
Our analysis of live embryos revealed that astral micro-
tubules at the cell cortex exhibit two distinct phases of
behavior during cytokinesis: in early anaphase, astral
microtubules are more dynamic at the cortex and
seem to stimulate formation of a contractile ring at the
equator, whereas in late anaphase, when the spindle
poles elongate, astral microtubules become more stable
and appear to inhibit cortical contraction outside the
equator. In an attempt to understand the molecular ba-
sis for these two properties of microtubules at different
stages, we sought to identify genes that affect either
one of the two phases. Through a small-scale candidate
gene screen, we identified tbg-1 (encoding g-tubulin),
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513Figure 3. Astral Microtubules in Early Anaphase Promote Assembly
of the Contractile Ring
(A) Schematic comparison of wild-type and par-3(RNAi);air-2(RNAi)
embryos, which fail to form a cleavage furrow, during late anaphase.
In the par-3(RNAi);air-2(RNAi) embryo, both central spindle assem-
bly and spindle elongation are defective; thus, microtubule density
remains high at the equator region.
(B and C) The contractile ring forms at the spindle equator in the ab-
sence of spindle elongation and the central spindle. Time-lapse im-
ages of (B) GFP-moe and (C) GFP-RHO-1 at the cortex in live wild-
type and par-3(RNAi);air-2(RNAi) embryos. The arrowhead indicatesgip-1 (encoding g-tubulin interacting protein CeGrip-1,
a homolog of Dgrip91/Spc98p), and air-1 (encoding au-
rora-A kinase). g-tubulin and Grip family proteins exist
as a heteromeric complex in all organisms examined
(Schiebel, 2000). In either tbg-1(RNAi), gip-1(RNAi), or
air-1(RNAi) embryos, fewer astral microtubules are
formed than in wild-type, and the two asters collapse
together after nuclear envelope breakdown (NEBD), re-
sulting in a monopolar spindle (Hannak et al., 2001,
2002; Schumacher et al., 1998; Strome et al., 2001)
(Figure 4A). All three proteins are detected at mitotic
centrosomes in wild-type embryos (Hannak et al.,
2001, 2002; Schumacher et al., 1998; Strome et al.,
2001). TBG-1 and GIP-1/CeGrip-1 are interdependent
with regard to centrosomal localization (Hannak et al.,
2002), whereas TBG-1 and AIR-1 can localize at centro-
somes in embryos depleted of the other factor (Dam-
mermann et al., 2004; Hannak et al., 2001). In contrast
to the single RNAi embryos, we found that tbg-1(RNAi);
air-1(RNAi) and gip-1(RNAi);air-1(RNAi) double RNAi
embryos failed to form astral microtubules, although
some disorganized microtubules were detected on cen-
trosomes and in the cytoplasm (Figure 4A). These pheno-
types are similar to centrosome-defective spd-5(RNAi)
embryos, in which both TBG-1 and AIR-1 failed to accu-
mulate at centrosomes (Hamill et al., 2002) (Figure 4A).
On the other hand, tbg-1(RNAi);gip-1(RNAi) double
RNAi embryos showed the same monopolar spindle
phenotype as tbg-1(RNAi) or gip-1(RNAi) single RNAi
embryos (Figure 4A). We confirmed by immunoblotting
and immunofluorescence that the protein amounts
were reduced to <5% of wild-type in these RNAi em-
bryos (Figure 4B and data not shown). These results
suggest that components of the g-tubulin complex,
TBG-1 and GIP-1/CeGrip-1, and AIR-1 play distinct roles
in astral microtubule assembly in C. elegans embryos.
We found that embryos lacking TBG-1 or AIR-1 func-
tion have different cleavage furrow phenotypes. In tbg-
1(RNAi) embryos, 53% (18/34) of the embryos did not
form a cleavage furrow at the equatorial plane or un-
dergo cortical contraction (Figure 5A, 156, 188, and
232 s after NEBD); the remainder (16/34), in which a
monopolar spindle moved posterior, did not form a
cleavage furrow, but at later stages exhibited cortical
contraction (ruffling) at the opposite side of the spindle
where microtubules did not reach the cortex (Figure 5A).
Because multiple ectopic ingressions are induced in
embryos lacking astral microtubules, it has been pro-
posed that astral microtubules inhibit cortical contraction
in C. elegans (Kurz et al., 2002); consistent with this, we
observed multiple ectopic ingressions in tbg-1(RNAi);
air-1(RNAi) embryos (100%; 20/20, Figure 5A, 248 s)
and tbg-1(RNAi);tba-2(RNAi) embryos (100%; 10/10,
data not shown). AIR-1 has multiple roles in cell division,
but these results are consistent with the idea that
accumulation of GFP-moe or GFP-RHO-1 at the equator. Times (s)
are with respect to NEBD. (B) (bottom) Fluorescence intensity pro-
files (a.u., arbitrary unit) of GFP-moe along the anterior-posterior
axis from three independent embryos 170–180 s after NEBD are
shown. The arrowhead indicates the location of the contractile
ring. The bracket in the top-left panel indicates the area measured.
The scale bar is 10 mm.
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(A) Fluorescence images of GFP-tubulin in live embryos after NEBD. Astral microtubules assembled as a bipolar spindle in wild-type embryos. In
tbg-1(RNAi), air-1(RNAi), gip-1(RNAi), and gip-1(RNAi);tbg-1(RNAi) embryos, astral microtubules assembled into a monopolar spindle. In tbg-
1(RNAi);air-1(RNAi), gip-1(RNAi);air-1(RNAi), and spd-5(RNAi) embryos, microtubules were detected around centrosomes, but were not orga-
nized into astral microtubules. spd-5(RNAi) embryos were used as a control lacking a functional centrosome. All RNAi embryos failed to separate
centrosomes during mitosis. The scale bar is 10 mm.
(B) Immunoblotting analysis of wild-type and RNAi-treated embryos with antibodies against TBG-1, AIR-1, and a-tubulin show that RNAi de-
pleted >95% of TBG-1 and AIR-1 proteins. a-tubulin was used as a loading control.microtubules that assemble via an AIR-1-dependent
pathway (in the absence of g-tubulin function) inhibit
cortical contraction, including cleavage furrow forma-
tion.
By contrast, the majority (79%; 26/33) of air-1(RNAi)
embryos, with microtubules assembled in a g-tubulin-
dependent manner, formed a prominent cleavage fur-
row at the cortex overlying the monopolar spindle at
an earlier time point than in wild-type (Figure 5A, 142
s). This furrow was not formed in air-1(RNAi) embryos
treated with nocodazole (100%; 11/11) or in tbg-1(RNAi);
air-1(RNAi) embryos (100%; 20/20, Figure 5A, 162 and
180 s), suggesting that the spindle-directed furrow in
air-1(RNAi) embryos depended on microtubules assem-
bled via a TBG-1-dependent pathway. At later stages in
air-1(RNAi) embryos, coinciding with a decrease in as-
tral microtubules, multiple ectopic ingressions formed
(100%; 33/33, Figure 5A, 252 s) that probably corre-
spond to the ingressions observed in the absence of mi-
crotubules (Kurz et al., 2002) and thus are distinct from
the spindle-directed furrow induced at 142 s (Figure 5A).
These results suggest that microtubules that assemble
via the AIR-1-dependent (g-tubulin-independent) path-
way suppress cleavage furrow formation, whereas mi-
crotubules that assemble via the g-tubulin-dependent
(AIR-1-independent) pathway stimulate furrow forma-
tion.
We next asked whether the presence or absence of
the cleavage furrow correlates with the recruitment of
contractile ring components at the division plane. In
air-1(RNAi) embryos, GFP-moe and GFP-RHO-1 accu-
mulated as a cortical ring (Figures 5B and 5C). These
rings were dispersed by nocodazole treatment, sug-
gesting that formation of the contractile ring is depen-
dent on microtubules (Figures 5B and 5C). Neither
GFP-moe nor GFP-RHO-1 was detected throughout mi-tosis in tbg-1(RNAi) embryos (Figures 5B and 5C), indi-
cating that microtubules that form in the absence of
g-tubulin are unable to recruit components of the con-
tractile ring. These results suggest that microtubules
assembled via a g-tubulin-dependent pathway in air-
1(RNAi) embryos can promote accumulation of RHO-1
and subsequent contractile ring assembly, and thereby
have a positive effect on furrow induction.
Recently, it was reported that, in addition to astral mi-
crotubules, the central spindle can contribute to cleav-
age furrow induction in C. elegans (Bringmann and
Hyman, 2005). To test whether the central spindle or
its components are involved in cleavage furrow forma-
tion via g-tubulin-dependent mechanisms, we depleted
ZEN-4, which is required for central spindle-dependent
furrow induction (Bringmann and Hyman, 2005), from
air-1(RNAi) embryos. Furrowing toward the monopolar
spindle was observed in air-1(RNAi);zen-4(RNAi) em-
bryos (72%; 8/11), similar to air-1(RNAi) embryos (70%;
7/10) (Figure S1), indicating that the central spindle is
dispensable for furrow initiation induced by the g-tubu-
lin-dependent pathway.
TBG-1 and AIR-1 Function Correlates with Distinct
Astral Microtubule Behaviors during Cytokinesis
By examining the behavior of the plus ends of microtu-
bules at the cell cortex, we found that the properties of
microtubules in air-1(RNAi) and tbg-1(RNAi) mutants
are similar to those of wild-type embryos in early and
late anaphase, respectively. At the cortices of air-
1(RNAi) embryos, GFP-tubulin was visible as dots that
rapidly disappeared (Figure 6A; Movie S3), and the aver-
age length of GFP-EB1 comets was 0.4 mm (range of 0.3–
0.5 mm) at 1.0 s exposure (Figures 6A and 6B; Movie S4),
indicating dynamic growth and shortening behavior
similar to that seen for microtubules during early
Two Phases of Microtubule Activity in Cytokinesis
515Figure 5. Astral Microtubules Assembled via the g-Tubulin-Dependent Pathway Promote Contractile Ring Assembly and Cleavage Furrow
Formation
(A) Representative time-lapse image sequences at a middle focal plane of wild-type, tbg-1(RNAi), air-1(RNAi), and tbg-1(RNAi);air-1(RNAi) em-
bryos expressing GFP-tubulin. Times (s) are with respect to NEBD. Arrowheads indicate microtubule-dependent furrowing. Arrows indicate
microtubule-independent furrowing at later stages. The bar is 10 mm. In the schematic, gray lines represent astral microtubules and gray dots
indicate centrosomes.
(B) (Top) Fluorescence images of GFP-moe in live embryos. GFP-moe accumulated as a broad ring at the equator in wild-type and air-1(RNAi),
but not in tbg-1(RNAi), embryos. The ring formed in the air-1(RNAi) embryo was dispersed by nocodazole (noc) treatment. Arrowheads indicate
assembly of the GFP-moe at the equator. (Bottom) Fluorescence intensity profiles (a.u., arbitrary unit) of GFP-moe along the anterior-posterior
axis from three independent embryos are shown. The bracket in the top panel indicates the measured area. Arrowheads indicate the location of
the contractile ring. The bar is 10 mm.
(C) Fluorescence images of GFP-RHO-1 in live embryos. GFP-RHO-1 accumulated at the equator in wild-type and air-1(RNAi), but not in tbg-
1(RNAi), embryos. The GFP-RHO-1 signal was dispersed in the air-1(RNAi) embryo after nocodazole (noc) treatment. Arrowheads indicate
the presence of the GFP-RHO-1 at the equator. The scale bar is 10 mm.anaphase in wild-type embryos. In contrast, at the corti-
ces of tbg-1(RNAi) embryos, GFP-tubulin was seen as
individual long filaments that continuously extended
away from the centrosomes (Figure 6A; Movie S5), and
the GFP-EB1 comets were longer, with an average
length of 1.6 mm (range of 0.3–2.5 mm) (Figures 6A and6B; Movie S6), indicating stable elongation similar to
the microtubules in late anaphase in wild-type embryos.
In images with a short exposure time (0.2 s), the length of
GFP-EB1 comets of air-1(RNAi) was similar to that of
tbg-1(RNAi) embryos (Figure 6B), indicating a compara-
tive rate of EB1 loading for both embryos. Thus, the
Developmental Cell
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tinct Astral Microtubule Properties
(A) Fluorescence images of GFP-tubulin (top)
and GFP-EB1 (bottom) at the cortex overlying
monopolar spindles in air-1(RNAi) and tbg-
1(RNAi) embryos. The scale bar is 5 mm. Ex-
posure time: 1 s. These images were taken
140–180 s after NEBD.
(B) Quantification of the length of GFP-EB1
comets at the cortex of air-1(RNAi) and tbg-
1(RNAi) embryos from images taken within
140–180 s after NEBD. Lengths of GFP-EB1
comets in images with 1 s and 0.2 s exposure
times were measured. With a 0.2 s exposure,
both embryos showed comets of equivalent
length, indicating similar kinetics of GFP-EB1
loading. With a 1 s exposure, tbg-1(RNAi)
embryos exhibited longer comets than air-
1(RNAi) embryos. The data are the means of
six independent experiments.
(C) Immunofluorescence of wild-type em-
bryos showing localization of endogenous
AIR-1 (magenta), GFP-TBG-1 (green), and
DNA (blue). Mitotic stages were defined based
on chromosome morphology. E, early; M,
mid; L, late.
(D) Comparison of the fluorescence intensity
of GFP-TBG-1 and AIR-1 detected at each
mitotic stage shown in (C) shows that centro-
somal accumulation of TBG-1 peaked at early
anaphase but AIR-1 continued to accumulate
at the centrosome through anaphase. All
values were relative to the fluorescence
intensity at metaphase. The data are the
means 6 SD of >6 centrosomes from one
cell embryos.
(E) Kinetic traces of the fluorescence intensity
of centrosomal GFP-tubulin (top) and centro-
somal GFP-EB1 (bottom). The data are the
means6 SD of six independent experiments.characteristics of microtubules in air-1(RNAi) and in tbg-
1(RNAi) mutants correlate well with those of early- and
late-anaphase microtubules, respectively, in wild-type
embryos.
To investigate the contribution of g-tubulin and AIR-1
in wild-type embryos, we examined the kinetics of accu-
mulation of g-tubulin and AIR-1 around centrosomes
before and during cleavage furrow formation. GFP-
TBG-1-expressing embryos were fixed and immuno-
stained for AIR-1, and fluorescence intensities for both
proteins near centrosomes were quantified. TBG-1 lo-
calizes to the pericentriolar matrix (Bobinnec et al.,2000; Strome et al., 2001), and AIR-1 is concentrated
in a donut-shaped region peripheral to g-tubulin and
along the base of microtubules (Hannak et al., 2001).
Measurements made on embryos from metaphase
through late anaphase showed that the amount of
centrosomal GFP-TBG-1 slightly increased at early
anaphase (1.2-fold the metaphase level) and then de-
creased (0.6-fold the metaphase level) in late anaphase.
On the other hand, the amount of AIR-1 near centro-
somes continued to increase toward late anaphase
(1.9-fold the metaphase level) (Figures 6C and 6D).
These results are consistent with the idea that the
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Controlled by Two Distinct Phases of Astral
Microtubule Behavior
In this model, the contribution of two distinct
regulatory pathways changes as mitosis
progresses to generate the distinct microtu-
bule properties. In early anaphase, the den-
sity of astral microtubules in the cortex is
highest at the spindle equator: At this stage,
the contribution of the g-tubulin-dependent
pathway is greater, and the resulting astral
microtubules mediate contractile ring forma-
tion (indicated by green arrows). As anaphase
progresses and the spindle poles separate
toward the poles, the contribution of the
AIR-1-dependent pathway increases, with
the resulting microtubules inhibiting cortical
contraction. As a consequence, furrowing is
suppressed in the polar cortex, where the
density of microtubules is high (indicated by
blue symbols), and, in turn, the cleavage
furrow is formed at the equator, where the
microtubule density is low.contribution of the g-tubulin-dependent pathway to as-
tral microtubules decreases and that the contribution of
the AIR-1-mediated pathway increases as anaphase
progresses.
To investigate the rate of microtubule assembly via
the g-tubulin and AIR-1-dependent pathways, we mea-
sured the fluorescence intensity of GFP-tubulin or
GFP-EB1 at the centrosome (Piehl et al., 2004). In wild-
type embryos, centrosomal fluorescence of both
markers dramatically increased during the interval be-
tween prophase and anaphase (0–240 s after NEBD)
and decreased during telophase (Figure 6E). In tbg-
1(RNAi);air-1(RNAi) embryos, centrosomal fluorescence
never increased (Figure 6E). Increased centrosomal
fluorescence after NEBD was seen in air-1(RNAi) and
tbg-1(RNAi) embryos, but it was less robust than in
wild-type (Figure 6E). Notably, fluorescence intensity in
air-1(RNAi) embryos peaked earlier (at 180 s after NEBD)
than in tbg-1(RNAi) embryos (at 240 s after NEBD)
(Figure 6E). To exclude the possible effect of cell
cycle delay due to activation of the spindle checkpoint
in these RNAi-treated embryos, we also examined
embryos in which expression of the spindle checkpoint
gene mdf-1 (Encalada et al., 2005) was knocked down
by RNAi. The distinct timing of assembly of astral
microtubules was also observed in these double RNAi
embryos (data not shown). As aurora-A kinase has
several different roles in cell division, we cannot exclude
the possibility that some cell cycle-dependent events are
unsynchronized in the RNAi embryos. However, consid-
ering the results of the wild-type and RNAi embryos
together, it is most likely that the g-tubulin-dependent
pathway is predominantly active in early anaphase,
whereas the AIR-1-dependent pathway is more active
in late anaphase.
Discussion
We have demonstrated that C. elegans embryos exhibit
two distinct phases of astral microtubule behavior dur-
ing anaphase. Astral microtubules at the cortex in early
anaphase appear to grow for shorter times and promoteRHO-1 accumulation and subsequent contractile ring
assembly at the spindle equator where the local micro-
tubule density is high. These microtubule properties
appear to involve a g-tubulin complex-dependent path-
way. Results from air-1(RNAi) embryos demonstrate
that astral microtubules that assemble in a g-tubulin-
dependent manner in the absence of AIR-1 activity
show the properties seen for early anaphase microtu-
bules in wild-type embryos. In addition, the g-tubulin
concentration at centrosomes peaks in early anaphase.
Conversely, astral microtubules at the cortex in late ana-
phase appear to grow for longer times and suppress
cortical contraction outside the equator; these microtu-
bule properties appear to be mediated via an AIR-1-
dependent pathway. Microtubules assembled in an AIR-
1-dependent manner in the absence of g-tubulin have
these properties. Consistent with these results, the con-
centration of AIR-1 near centrosomes increases as ana-
phase progresses in wild-type embryos. Although our
data do not demonstrate a direct molecular link between
microtubules and cleavage furrow initiation, the strong
correlation between the distinct microtubule behaviors
and the cleavage furrow phenotypes in the RNAi-treated
embryos support the hypothesis that g-tubulin and
AIR-1 contribute to generating two distinct phases of
astral microtubule behavior in wild-type embryos that
play a role in cleavage furrow formation.
By integrating our results with previous reports, we
propose a hypothetical model for initiation of cytokine-
sis in C. elegans embryos, in which two distinct phases
of astral microtubule behavior regulate furrow initiation
(Figure 7). In this model, the properties of astral microtu-
bules change as mitosis progresses so that they play
distinct roles at different mitotic stages: in early
anaphase, when the contribution of the g-tubulin-
dependent pathway is at its peak, astral microtubules
stimulate contractile ring formation at the spindle equa-
tor. As anaphase progresses and the spindle elongates,
the contribution of the AIR-1-dependent pathway in-
creases, and astral microtubules at the poles suppress
furrowing outside the equator. Collectively, this dual
regulation by astral microtubules enables the precise
Developmental Cell
518control of the position and timing of furrowing during
chromosome segregation. Studies with mammalian
cultured cells also suggest the existence of distinct mi-
crotubule properties in cells undergoing cytokinesis
(Canman et al., 2000, 2003). Our results in C. elegans fur-
ther suggest that temporal and spatial regulation of the
two astral microtubule behaviors is an important aspect
of initiation of cleavage furrow formation.
Our RNAi results suggest that C. elegans embryos
have two genetically separable mechanisms for micro-
tubule assembly at centrosomes; one pathway requires
a g-tubulin complex, including TBG-1 and GIP-1, and
the other requires AIR-1. Astral microtubules can be in-
dependently nucleated via these pathways, and the re-
sultant microtubules have distinct properties at their
plus ends. Whereas the g-tubulin complex nucleates po-
lymerization of tubulin subunits in many organisms, how
AIR-1/aurora-A kinase is involved in astral microtubule
assembly is unclear. Since aurora-A kinases have been
implicated in centrosome maturation (Bobinnec et al.,
2000; Hannak et al., 2001; Strome et al., 2001), one pos-
sibility is that AIR-1 might be responsible for the recruit-
ment of an unknown component(s) of pericentriolar
material that plays a more direct role in microtubule
assembly. It is likely that AIR-1 has multiple phosphory-
lation targets within the cell, and one or more of them
might be specifically involved in microtubule assembly
and regulation of the cleavage furrow formation. Dro-
sophila aurora-A phosphorylates the centrosomal pro-
tein D-TACC, which, in turn, stabilizes the association
of MSPS/XMAP215 with microtubules (Giet et al.,
2002). In C. elegans, however, the MSPS/XMAP215
homolog, ZYG-9 (Matthews et al., 1998), is not specific
for the AIR-1-dependent pathway and is required for
the stabilization of microtubules assembled via both
pathways (data not shown).
How could the g-tubulin complex and AIR-1 contrib-
ute the distinct properties of the plus ends of micro-
tubules when these proteins are concentrated near
centrosomes where minus ends of microtubules are lo-
cated? One possibility is that each pathway might load
a different microtubule-associated protein(s) at the mi-
nus ends of astral microtubules that is transmitted to-
ward the plus ends to alter microtubule properties at
the cortex. A small amount of AIR-1 localized on astral
microtubules near the centrosomes during late ana-
phase might modify the properties of microtubules, pos-
sibly via protein phosphorylation. Although g-tubulin
was not detected on astral microtubules or at their
plus ends, it is possible that a small amount of g-tubulin
might associate with microtubules and modify their
properties.
How g-tubulin- and AIR-1-dependent pathways could
cooperate in wild-type embryos is also an open ques-
tion. The two microtubule assembly mechanisms might
work independently to create two distinct populations of
astral microtubules. Interestingly, a recent electron
tomography analysis demonstrated that C. elegans
wild-type embryos have two distinct populations of mi-
crotubules distinguishable by the morphology of their
minus ends at centrosomes (O’Toole et al., 2003). Alter-
natively, both g-tubulin- and AIR-1-dependent mecha-
nisms might cooperatively assemble individual micro-
tubule fibers such that the relative level of contributionfrom each pathway would affect the properties of the re-
sultant microtubules. Identification of additional factors
involved in either the g-tubulin- or AIR-1-dependent
pathway would provide more insights into the mecha-
nisms by which distinct properties are attributed to as-
tral microtubules.
We have demonstrated a correlation between distinct
microtubule behaviors at the cortex and their function in
the initial process of furrowing in C. elegans embryos.
Microtubules that induce contractile ring assembly
show shorter elongation periods, and those that inhibit
furrowing show more stable elongation. Recently, the
relationship between microtubule behaviors and furrow
formation was reported in other organisms. In mamma-
lian cultured cells, microtubule stabilization was sug-
gested to be involved in cleavage furrow formation (Can-
man et al., 2003; Shannon et al., 2005). On the other
hand, in echinoderm embryos, the dynamic state of
astral microtubules does not affect their competency
to direct furrowing (Strickland et al., 2005). Thus, it is
currently unclear whether specific microtubule behav-
iors per se are necessary for cortical regulation. It is
also possible that the specific components loaded on
each microtubule, rather than microtubule behaviors,
might underlie the distinct roles of microtubules during
cytokinesis.
Experimental Procedures
GFP Fusions
The following integrated and extrachromosomal transgenic lines
were used: GFP-tubulin, ruIs57[unc-119(+) pie-1 promoter::gfp::
tubulin] (Praitis et al., 2001); GFP-RHO-1, tjIs1[unc-119(+) pie-1
promoter::gfp::rho-1]; GFP-EB1, tjEx24[unc-119(+) pie-1 promo-
ter::gfp::ebp-1] (ebp-1 = Y59A8B.7); GFP-ZEN-4, zen-4(or153) IV;
xsEx6[zen-4::gfp] (Kaitna et al., 2002); and GFP-moe, nnIs1[unc-
119(+) pie-1 promoter::gfp::moesin] (amino acids 437–578 of
Drosophila moesin [Edwards et al., 1997]). For the ebp-1 and rho-1
constructs, PCR-amplified genomic fragments covering protein-
coding regions were inserted into pID3.01B (gift of Geraldine
Seydoux) by using Gateway Technology (Invitrogen) per the manu-
facturer’s instructions. The pJuncPar2 plasmid (gift of Ken Kem-
phues) was used to generate the moesin construct. pJuncPar2
was digested by using the SpeI restriction sites to remove par-2,
and the Drosophila moesin fragment (gift of Dan Kiehart) was subcl-
oned directly by using the same sites. Ballistic transformation was
performed as previously described (Praitis et al., 2001).
RNAi
RNAi was performed by the soaking method (Maeda et al., 2001).
dsRNA was prepared from cDNA clones, as described (Sumiyoshi
et al., 2002). The cDNA clones (gift of Yuji Kohara) used were as
follows: yk364b4 (air-1), yk80h7 (tbg-1), yk651f5 (rho-1), yk396b7
(par-3), yk483g8 (air-2), yk64a7 (par-2), yk391b3 (zen-4), yk116c12
(let-21), yk1163f11 (mdf-1), yk325h8 (spd-5), and yk1451c12
(tba-2). Worms were soaked in 1–5 mg/ml dsRNA solutions and
were incubated at 20ºC for 24 hr. The worms were then cultured at
20ºC and observed 20–28 hr after recovery from the dsRNA soaking.
Live Imaging and Analysis of GFP Fluorescence
Gravid worms in egg salt buffer (Edgar, 1995) were dissected on
coverslips, which were then inverted onto 2% agarose pads and
sealed with Vaseline. For nocodazole or latrunculin-A treatment,
worms were dissected on slides coated with poly-L-lysine in egg
salt buffer containing 10 mg/ml nocodazole or 100 mM latrunculin-
A, and then gentle pressure was applied to crack the egg shells as
described previously (Hannak et al., 2001). Embryos were observed
at 20ºC with an UplanApo 1003 1.35 NA oil immersion lens by using
a CSU21 spinning-disc confocal system (Yokogawa Electric Corp.)
mounted on a BX51 upright microscope (Olympus). The specimens
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519were illuminated with a Sapphire 488 semiconductor laser (20 mW;
Coherent, Inc.). Images were acquired with an Orca ER 12-bit cooled
CCD camera (Hamamatsu Photonics), and the acquisition system
was controlled by IP Lab software (Scanalytics, Inc.). Fluorescence
images were acquired by using 23 2 binning in the camera and were
processed with IP Lab software and Adobe Photoshop (Adobe Sys-
tems). Centrosomal GFP-tubulin and GFP-EB1 were quantified from
live recording images collected every 10 s. The bright regions of an-
terior centrosomes in the sequences were circled, the average fluo-
rescence intensity in this region and in a similarly sized background
region was determined with the IP Lab software, and the integrated
centrosomal fluorescence was calculated from these values. The
length of individual GFP-EB1 comets at the cortical plane and their
density in the cortical area were also determined with IP Lab soft-
ware. For kymograph analysis of microtubules in the cortex, regions
of interest within the sequences were cropped and stacked horizon-
tally into single kymograph images by using IP Lab software. The
resulting image was a two-dimensional representation of the time-
lapse movie, in which the x axis corresponds to time and all micro-
tubules in these regions appeared as dots or lines. For the line scan
analysis of cortical GFP-moe, the average fluorescence intensity of
50 lines along the anterior-posterior axis was determined by using
Metamorph software (Universal Imaging Corp.).
Immunoblotting and Immunofluorescence
For immunoblotting experiments, 50 ml volumes of worms were
washed three times with M9. An equal volume of lysis buffer
(50 mM HEPES [pH 7.4], 1 mM EGTA, 1 mM MgCl2, 100 mM KCl,
10% [w/v] glycerol) and a 23 volume of glass beads were added,
and the tubes were agitated vigorously. An equal volume of 23
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer was added and boiled for 5 min. SDS-PAGE
and Western blotting were carried out according to standard proce-
dures. All primary antibodies were diluted 1:1,000, the HRP-conju-
gated goat anti-rabbit secondary antibody (Amersham) was diluted
1:8,000, and the signal was revealed by using standard chemilumi-
nescence (Amersham).
For indirect immunofluorescence experiments, embryos were
fixed and stained as described (Sumiyoshi et al., 2002) by using
a 1:200 dilution of mouse anti-a-tubulin (DM1A, Sigma, St. Louis,
MO) or a 1:300 dilution of rabbit anti-AIR-1 (Hannak et al., 2001).
The secondary antibodies used were a 1:1,000 dilution of Alexa-
488-conjugated goat anti-mouse IgG and a 1:1,000 dilution of Alexa-
568-conjugated goat anti-rabbit IgG (Molecular Probes). Slides were
counterstained with 2 mg/ml DAPI. Images were acquired with an
UplanApo 1003 1.35 NA oil immersion lens by using either
a CSU21 spinning-disc confocal system mounted on a BX51 upright
microscope for tubulin staining or a wide-field Delta Vision micro-
scope (Applied Precision) with an IX70 inverted microscope (Olym-
pus) for AIR-1 staining. Images were processed in Adobe Photo-
shop.
Supplemental Data
SupplementalData includinga figure and moviesareavailable athttp://
www.developmentalcell.com/cgi/content/full/10/4/509/DC1/.
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